He has been processing anatomic models from computed tomography to stereolithography since the inception of the technology.
INTRODUCTION
S ince 1991, stereolithography, 1 literally three-dimensional (3-D) printing, has revolutionized the commercial manufacturing and aerospace industries in terms of product development and optimization of form fit and function considerations. What has almost become a sine qua non of optimum product design has now found its way into medical and dental applications. A strong application in the medical arena is in its implementation as a new tool for anatomic model construction.
Prior to the advent of stereolithography, practitioners were faced with using models extracted from computed tomography (CT) data and converted into machine code for subsequent transfer to a computer numerical control (CNC) machine for fabrication of a negative image in a wax block. The wax cavity was then filled with epoxy resin to create the positive replica of the jaw. Companies such as Cemax and Techmedica, Inc, used this process with limited success. At best, the pro-cess was time consuming and generated a model that was relatively coarse due to the limitation of using an endmill to define each of the CT slices in a block of wax (Soderstrom, personal communication).
The use of stereolithography, especially in conjunction with the new high-speed CT scanners, has brought about a tool that offers a consistently superior model to those of the older CT to CNC processes. Companies such as Innova International in Richardson (Dallas), Tex, now construct anatomic models on a routine basis with a slice resolution of 0.002 inches (Crook, personal communication). Typically, however, resolutions of 0.006 inches are more than adequate for generating models accurate enough to build subperiosteal implants (Figs 1-3 ).
THE PROCESS
Stereolithography is a process by which 3-D designs can be transferred from a conventional computer-aided design/computer-assisted machining or medical CT/magnetic resonance imaging (MRI) system to produce accurate prototype models and patterns for product development and casting. The fundamental process is based on the fact that liquid can be changed instantaneously into a solid state when exposed to ultraviolet radiation, much as silver changes state in normal photography film when exposed to visible light radiation.
Stereolithography works on a twodimensional cross-section of a model, with a beam of ultraviolet (UV) radiation from a laser. This cross-section is then recoated with a fresh liquid polymer, and the next cross-section is made. The process is continued until a completed physical part is produced.
The main components of a stereolithography apparatus (SLA) consist of a vat containing a liquid photopolymer; a galvanometer controlled mirror; a directed solid-state, or HeCd, UV laser to the surface of the liquid; and, just below the surface, a horizontal tray with vertical elevator movements ( Fig  1) .
After the laser has described the shape of a cross-section of the part, the elevator lowers to submerge the new solid top surface. More liquid resin is deposited onto the surface, covering it so it is ready for the next layer. The next layer is then described from the Slice software, and again the mirrors direct the laser onto the surface of the resin. This process repeats itself until the part is built. After the part is grown, the elevator raises automatically for the draining of excess resin. The model can then be removed for postcuring and cleaning up (Fig 2) .
MATERIALS AND METHODS
To generate accurate models for subperiosteal implant masters, the following are required: (1) a CT scan of the patient area of interest (although following a predefined scan protocol is preferred, and a spiral or helical scanner offers superior resolution, the older scanner data and scans not following a specific scan protocol can often be used); (2) a stereolithography system or other rapid prototyping mechanism capable of generating high resolution models (Fig 3) ; (3) photopolymeric resin; (4) preprocessing software for converting CT data to .stl data used for the stereolithography system; and (5) trained modeling personnel conversant with both CT and preprocessing software.
THE BUILD CYCLE
The CT data are translated to an optical disk or digital audiotape, then forwarded to the prototyping facility. The information is transferred into a highpower computer and preprocessed into imagery similar to that viewed at the CT station (Fig 4) . This imagery is a 3-D mathematical description of the anatomy of the patient and is capable of being infinitely rotated in any viewing plane ( Fig 5) . Once the pertinent data of the mandible or other structure have been determined, they are extracted from the full data set and processed into an .stl file. The .stl file is used to drive the laser in the stereolithography apparatus. The SLA machine is primed with resin, and the data are downloaded to the machine. Once the SLA machine has replicated the model, the part is removed from the chamber for postpreparation, which consists of removal of a structure automatically generated by the preprocessing software to support the model during its build-up. A final bath in UV light is required to fully cure the photopolymeric epoxy resin. Because of the high resolution and accuracy of the model, it is often unnecessary to do any cleaning on the actual replication of the anatomic surfaces.
Once the model has been verified as a faithful replication of the CT data, it is forwarded to the surgeon for implant design.
INDICATIONS
Stereolithographic anatomic models are being used in the medical field for a number of applications, from use as a template for implant design, to the performance of surgery on a model to enhance a preoperative plan. This technology can accurately replace the necessity of bone impressions. The anatomic model is also a valuable tool when grafting bone or planning osteotomies. Because of the ability to sterilize SLA models, use of the anatomic model is not limited to the preoperative period; it can be a valuable tool when used in the operating suite.
CONSIDERATIONS AND LIMITATIONS
Anatomic models are accurate representations of the CT scan data ( Fig 6) ; therefore, when performing and processing the CT scan, there are three main factors that will have an impact on model accuracy. First, if there is patient motion during the scan, there will be a stair-step effect on the anatomical model. To limit patient movement, it is advisable to scan the patient using a radio-opaque positioning rod over the area of interest and a custom-formed bite jig. Once the scan is complete, a CT-created 3-D image of the rod will demonstrate the stair-step effect if the patient has moved. With the advent of helical or spiral CT scanners, 2 the previous lengthy scan times have been dramatically decreased, thereby minimizing the possibility of patient movement. 3 A second factor to be considered is the technical setup of the scan being performed. The scanning technologist should be aware of the importance of the scan accuracy. It is recommended that the technologist have a copy of an anatomic modeling scan protocol, generated by the facility that will be building the SLA anatomic model. Third, the CT data should be sent to a prototyping or SLA facility that has an experienced anatomic modeler. There are many stereolithography bureaus available, but only those with the personnel trained to process CT/ MRI data accurately should be considered. It is recommended that the processing personnel have extensive backgrounds in computed tomography, anatomy, and stereolithography anatomic model generation.
RATIONALE
The foremost advantage of stereolithography-generated models is the accuracy of the SLA process. Since it is an additive process, it is not confined to the same limits as those of machined anatomic models. Stereolithographic model generation (Fig 7) demonstrates details of internal anatomic structures as well as external. SLA also produces the anatomical part; that is, there is not a milled negative that is used to create a positive part. Another advantage of SLA modeling is the turnaround time from CT to physical model. An SLA model can be generated 3-5 days from receipt of the CT scan.
CONCLUSION
Stereolithography, to date, is widely accepted as one of the most accurate means of model creation and rapid prototyping. The accuracy obtainable through stereolithography has shown the technology to be a reliable means for quality anatomic model generation. The technique, especially in conjunction with helical or spiral CT scanners, offers a new and consistently more accurate tool for replicating models suitable for subperiosteal implant fabrication. In conjunction with its superior model-making capability, it allows subperiosteal implants to be undertak-en with one surgical procedure instead of two.
